and was up-regulated (1.18-to 3.8-fold) with MeJA 8-72 h post-treatment. The results suggest that Li3CARS may have a defensive role in Lavandula.
Introduction
Plants produce a large assortment of isoprenoids-the largest class of specialized metabolites-, some of which serve important physiological function, for example as growth regulators (e.g. gibberellins, abscisic acid and brassinolide) and constitutes of the photosynthetic machinery (e.g. carotenoids) (Tholl and Lee 2011) . Several isoprenoids play ecological roles, facilitating interactions of plants with their environment, acting for example in attracting pollinators, providing defenses and priming the neighbor plants (Frost et al. 2007; Menzel et al. 2014; De Vega et al. 2014) . In many plants, isoprenoids have been found to have direct defensive roles, for example as phytoalexins, against microbes and herbivores, and indirect defensive functions ). Production of distinct end product profiles from different substrates (GPP versus NPP) by Li3CARS indicates that monoterpene metabolism may be controlled in part through substrate availability. Li3CARS transcripts were found to be highly abundant in leaves (16-fold) as compared to flower tissues. The transcriptional activity of Li3CARS correlated with 3-carene production, 1 3 as attractors of enemy predators and parasitoids (Fäldt et al. 2003; Hasegawa et al. 2010; Heiling et al. 2010; Menzel et al. 2014) . Certain isoprenoids may also be involved in plants protection against abiotic stresses, such as exposure to high temperature, and reactive oxygen species-derived oxidative damages (Vickers et al. 2009 ).
The biosynthesis of isoprenoids begins with synthesis of the common C 5 isoprene units-isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP)-through the plastidial 2-C-methyl-D-erythritol-4-phosphate (MEP) and cytosolic mevalonate (MVA) pathways (Tholl and Lee 2011; Dudareva et al. 2013 ). IPP and DMAPP are then condensed head-to-tail by specific pernyltransferases to produce linear precursors of most isoprenoids, such as C 10 geranyl pyrophosphate (GPP), C 10 neryl pyrophosphate (NPP) and C 15 farnesyl pyrophosphate (FPP) (Burke et al. 1999; Schilmiller et al. 2009; Tholl and Lee 2011) . The head-to-middle coupling of the two DMAPP can also be catalyzed by a distinct class of pernyltransferases exemplified by lavandulyl pyrophosphate synthase and chrysanthemyl diphosphate synthase, which synthesize the irregular C 10 terpene precursors lavandulyl pyrophosphate (LPP) (Demissie et al. 2013 ) and C 10 chrysanthemyl diphosphate (CPP) (Rivera et al. 2001) , respectively. The linear precursors are then transformed into various isoprenoids by specific synthases, collectively known as terpene synthases (TPSs) (Tholl and Lee 2011) . Further modifications of the terpene skeletons are also possible through the action of enzymes such as acetyltransferases, P450 hydroxylases, and so on (Fig. 1) .
The biosynthesis of isoprenoids-and hence the expression of TPSs-can be triggered by several factors including 3-carene bold as a major product from GPP, i.e. the enzyme derives almost equal amounts of the shown monoterpenes from NPP herbivores and microbial attacks, phytohormones and other elicitors. For instance, direct herbivore attack and pathogen infection activates the transcriptional expression of some mono-and sesquiterpene synthases in Arabidopsis, Sitka spruce, Norway spruce, maize and lima bean (Fäldt et al. 2003; Miller et al. 2005; Navia-Giné et al. 2009; Huang et al. 2010; Fontana et al. 2011) . Further, these genes can be induced by exogenous phytohormones and elicitors such as gibberellic acid, methyl jasmonate, salicylic acid and wounding (Van Schie et al. 2007; Heiling et al. 2010; Menzel et al. 2014; Taniguchi et al. 2014) . Several species of Lavandula (Lamiaceae) produce essential oils (EOs) that are composed of mono-and-to a lesser extent-sesquiterpenes. Although the specific isoprenoids involved in Lavandula defensive mechanisms in response to various pests remain unknown, the EOs and aqueous extracts from various lavender species have been reported to exhibit in vitro antimicrobial and insecticidal activities (Moon et al. 2006; De Rapper et al. 2013; Erland et al. 2015) . The constitutive and induced isoprenoids play key roles in defense against important pests in different plants, such as in rice, tomato, maize and Arabidopsis (Wittstock and Gershenzon 2002; Van Schie et al. 2007; Huang et al. 2010; Fontana et al. 2011; Taniguchi et al. 2014) , as well as in various coniferous plants (Miller et al. 2005; Boone et al. 2011; Ott et al. 2011; Byun-McKay et al. 2012) . For example, 3-carene has been reported as a major induced defensive cyclic monoterpene in Lodgepole pine and Norway spruce trees (Fäldt et al. 2003; Byun-McKay et al. 2012) , in which its accumulation positively correlates with plant resistance to white weevil (Robert et al. 2010) . Thus, identifying specific monoterpenes and their respective synthase genes that contribute potentially to defensive strategies of Lavandula would be useful for the development of tolerant/resistant cultivars of lavenders.
To benefit Lavandula from the recent advances of molecular tools, our group has developed EST databases derived from different tissues of two economically important species, L. angustifolia and L. x intermedia (Lane et al. 2010; Demissie et al. 2012; Sarker et al. 2012) . These tissue-specific EST databases have been instrumental in the identification of TPS genes in lavenders. Thus, using homology-based cloning, this study aimed to (1) clone and functionally characterize cDNA of a 3-carene synthase (Li3CARS) from L. x intermedia, and (2) study the expression pattern of the cloned gene in various settings. Here, we report the cloning of the Li3CARS cDNA, which was expressed and functionally characterized in E. coli. The recombinant Li3CARS catalyzed conversion of GPP to mainly 3-carene and few other minor products. The homology-based modeling of the Li3CARS protein helped in identifying the active site cavity and residues presumably involved in catalytic activities. Finally, the expression pattern of the Li3CARS in L. x intermedia plants was examined. The expression of this gene is induced by MeJA, suggesting that the Li3CARS may play a defensive role in lavenders.
Materials and methods

Plant growth and chemicals
L. x intermedia (cv. Grosso) plants were propagated by cuttings and were grown in potting Pro-Mix HP in a growth room maintained at 25 °C under a 16/8 h light and dark photoperiod (approximately 200 μmol m −2 s −1 of light, generated by cool-white fluorescent bulbs). The plants were watered every other day with addition of fertilizer (MiracleGro Fertilizers) once a week. Authentic isoprenoid standards and substrates for enzyme assays, including geranyl pyrophosphate (GPP), neryl pyrophosphate (NPP) and farnesyl pyrophosphate (FPP) were purchased from Sigma (http://www.sigmaaldrich.com/) and Echelon Biosciences (http://www.echelon-inc.com/), respectively. Unless otherwise mentioned, all other assay chemicals were obtained from Sigma.
Cloning of cDNA and genomic DNA
To clone the full-length cDNA, homology-based screening of mTPS from L. x intermedia EST library was done based on the sequences of L. angustifolia limonene synthase and S. officinalis bornyl pyrophosphate synthase genes, and selected cDNA clone was used for Sanger sequencing. The generated full-length sequence (Accession no: KX024762) was analyzed for potential targeting sequences using TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/) and ChloroP 1.1 (http://www.cbs.dtu.dk/services/ ChloroP/), and found to encode a chloroplast transit peptide at the N-terminus. For heterologous expression in E. coli, the putative N-terminal transit peptide was removed prior to designing the gene-specific cloning primer set. All primers used in this study are listed in Table 1 . The open reading frame (ORF), excluding the transit peptide and stop codon, was cloned into the NdeI/KpnI sites of pET41b(+) by sticky-end cloning (Zeng 1998) .
Using appropriate primers the full-length genomic DNA for Li3CARS (Accession no.: KX024761) was amplified from L. x intermedia cloned into pGEM-T-Easy (Promega), and sequenced by Sanger sequencing.
Genome organization and phylogenetic analysis
Genomic organization of Li3CARS from L. x intermedia was predicted using the NCBI Spidey genomic DNA-mRNA aligner (http://www.ncbi.nlm.nih.gov/IEB/ Research/Ostell/Spidey/spideyweb.cgi), targeting intronsexons number and size as well as intron position in the sequences. The introns-exons structure of Li3CARS was then compared with those of four previously reported TPSs from Lavandula.
A maximum likelihood phylogenetic tree was constructed based on deduced amino acids of mono-and sesquiterpene synthases using the default parameters of CLC Genomics Workbench 8.0.3 (https://www.qiagenbioinformatics.com/). TPSs were clustered into previously defined distinct TPS subfamilies (Bohlmann et al. 1998; Chen et al. 2011) .
Homology-based molecular modeling
A homology model of Li3CARS protein was produced using the SWISS-MODEL automated mode server (Bordoli et al. 2009; Guex et al. 2009 ) after searching the best template. The crystal structure of S. officinalis bornyl pyrophosphate synthase (SoBPPS) (PDB code 1N1Z) containing the substrate analog diphosphate (POP) (Whittington et al. 2002) was detected as the top structural homologous template. The structural quality of the constructed model was verified using combined programs run in Structural Analysis and Verification Server (SAVeS) version 4 (http:// nihserver.mbi.ucla.edu/SAVES/). The model underwent energy minimization using YASARA force field (Krieger et al. 2009 ), and energy-minimized 3D ligand for docking to the model was generated using the PRODRG server (Schüttelkopf and Van Aalten 2004) . Docking studies with the model Li3CARS protein and GPP were conducted using autodock4 in molecular docking server (Bikadi and Hazai 2009). The position of substrate GPP from SoBPPS PDB 1N20 was used as docking positional template. Among the top five favorable positions of the ligand, the most energetically favorable position was selected. The docking result was visualized and analyzed using PyMOL v1.1 (The PyMOL Molecular Graphics System, Schrödinger, LLC). Moreover, active site cavities were detected from the model using Swiss-pdbviewer (Guex et al. 2009 ), in which magnesium ions and binding residues at the active site pockets were docked into the model in positions corresponding to those observed in the SoBPPS template structure using both Swiss-pdbviewer and PyMOL v1.1 softwares.
Recombinant protein expression and purification
The ORF of Li3CARS, excluding the putative transit peptide sequence, was expressed in E. coli Rosetta™ (DE3) plysS cells (EMD Chemicals, Darmstadt, Germany). E. coli cells were grown in LB media supplemented with 30 mg L −1 kanamycin and 34 mg L −1 chloramphenicol at 37 °C to an OD 600 of 0.5-0.7, followed by induction with 1 mM IPTG at 20 °C for overnight. After harvesting, the pelleted cells were resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 10 mM imidazol, pH 8.0) and were further disrupted by sonication. The crude protein was then purified using PerfectPro Ni-NTA Agarose chromatography (5Prime Gmbh, Germany), in which Ni-NTA agarose bound to His-tag recombinant proteins according to the manufacturer's instructional manual. Partially affinity-purified proteins were then quantified through a Bradford assay and resolved by SDS-PAGE.
Enzyme assays and product identification
The activity of partially purified recombinant Li3CARS was assayed with GPP, NPP and FPP as substrates. The assay reactions were prepared in a final volume of 500 µl, containing an enzyme reaction buffer (2 mM dithioerythreitol, 12.5% (v/v) glycerol, 1 mM MgCl 2 and 1 mM MnCl 2 ), pH buffer, purified enzyme and substrates. The optimal assay pH was determined using MES (50 mM, pH 5.5-6.5) and MOPS (50 mM, pH 7.0-8.0) buffers, and the appropriate temperature was optimized between 27 and 40 °C. The assays were overlaid with 400 µl of pentane and were incubated for 10-90 min. The products were then extracted with pentane according to previous reports (Demissie et al. 2011 . Purified proteins from E. coli lysate cells harboring the empty pET41b(+) vector were also assayed with substrates as a negative control. Assay product identification and quantification were carried out using gas chromatography-mass spectrometry (GC-MS) following methods described in Demissie et al. (2012) . Authentic standards of monoterpenes were also run on GC-MS under similar conditions to identify the products. The Michaelis-Menten enzymatic saturated curves were generated using GraphPad Prism 6 (GraphPad Software, Inc.). K m and V max values were estimated using the linear regression method of double-reciprocal plots (Lineweaver Burk) using the same software.
Induction of Li3CARS in L. x intermedia by MeJA
Approximately three months old L. x intermedia (cv Grosso) plants were used for MeJA induction experiments. The plants were sprayed with a 5 mM aqueous solution of MeJA (95% solution, Sigma-Aldrich) in water with 0.1% Triton x-100 and water (mock treatment, control) supplemented with 0.1% Triton x-100. The treated plants were then covered with Ziploc plastic bags for 2 h and allowed to dry in open air for an hour before transferring them into a growth chamber. EO was extracted from fresh young leaves harvested at 0, 24, 48 and 72 h post-treatments, and was used to determine EO compositions. Likewise, fresh young leaves at 0, 8, 24, 48 and 72 h post-treatments were harvested and flash-frozen in liquid nitrogen and kept at −80 °C for RNA extraction.
Relative expression
To quantify the constitutive (from flower and leaf tissues) and induced (leaves induced by MeJA) mRNA abundance for Li3CARS, a qPCR study was performed using the StepOne Plus Real-Time PCR system (Applied Bioscience). Total RNA was extracted from each collected sample using RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's protocol. The RNA samples were then reverse transcribed using iScript cDNA synthesis Kit (Bio-Rad). Expression levels of the Li3CARS were normalized using β-actin and 18S rRNA as internal reference genes. qPCR was performed with a final reaction volume of 10 µl, consisting of 5 µl SYBR premix, 0.6 µM of each primer and 150 ng of cDNA template. The amplification conditions were set with holding stage at 50 °C for 2 min, and 95 °C for 2 min, followed by 50 cycles at 95 °C for 3 s and 60 °C for 30 s, as well as a final melting curve stage at 95 °C for 15 s and 60 °C for 1 min. For each qPCR run, the primer efficiency of every primer set used in this study was calculated using LinRegPCR (Ruijter et al. 2009 ). The generated data was analyzed using the Livak method (Livak and Schmittgen 2001) , expressed as 2 −ΔΔC t of Li3CARS gene. Three technical replicates were performed for each of the three independent biological replicates. The statistical analysis was made with Student's t test using SigmaPlot v 12.5 (Systat Software, Germany). The primers used in this study are listed in Table 1 .
EO extraction and GC-MS analysis
Approximately 0.5 g of MeJA-treated or mock (control) leaf samples were harvested and immediately placed in separate 50 mL test tubes containing 6 mL pentane and 160 μg thymol as an internal standard. This was followed by sonication on ice for 30 min. Pentane-containing EO from each sample was then run on a Varian CP 3800 GC coupled to a Saturn 2200 MS/MS. In brief, a 1 μl sample was injected with the following instrument setting. Column flow rate: 1 mL min , and hold for 5 min. The concentration of EO constituents in the MeJA-treated and control samples were calculated based on an internal standard (thymol) as previously described (Erland 2015) . Statistical analysis (Student's t test) was performed using SigmaPlot v 12.5 (Systat Software, Germany).
Results
Sequence analysis of the Li3CARS
Using homology-based screening, we detected partial sequences of Li3CARS from ten ESTs from L. x intermedia flower glandular trichome-derived EST library ). The full length cDNA was then obtained from the corresponding cDNA library. The complete ORF of Li3CARS cDNA (Accession no.: KX024762) encoded a protein of 599 amino acids with a 45 amino acid plastid targeting sequence. The encoded protein was predicted to have a molecular mass of 69.6 kDa and a pI of 5.08. The deduced amino acid sequence was further characterized for the conserved motifs against orthologous TPSs across the genus Lavandula and other angiosperms. As with other plant TPSs, the key motifs that are crucial for pernyl diphosphate ionization (RRx 8 W), and for divalent metal ion binding (DDxxD and (N,D)D(L,I,V)x(S,T)x 3 E) were well conserved in Li3CARS (Fig. 2) . Additionally, the Li3C-ARS shared other conserved residues (LQLYEASFLL, presumed to involve in substrate binding) with plant TPSs. Further, Li3CARS exhibited high amino acid identity with L. angustifolia limonene synthase (75%) and S. officinalis bornyl pyrophosphate synthase (SoBPPS) (65%). Finely, Li3CARS was found to be less homologous to 3-carene synthases from S. stenophylla (~50%) and P. abies (~29%).
Functional characterization of Li3CARS
Expression of the Li3CARS ORF in E. coli Rosetta™ (DE3) pLysS strain using pET41b(+) expression vector produced a soluble protein (64.9 kDa) that could be purified using Ni-NTA-agarose affinity chromatography. The partially purified protein was assayed for activity with GPP, NPP and FPP. The products of the reactions were analyzed by GC-MS. Different products were detected from assays of Li3CARS with GPP and NPP (Fig. 3) . The activity of Li3CARS incubated with GPP (0.5-100 μM) extended from 10 to 90 min with optimum pH (7.0-7.5) (Fig. 4A ) and temperature (30 °C) conditions. Li3CARS converted GPP to 3-carene (~76%) and a few other minor products (24%) ( Table 2 ). The Michaelis-Menten enzymatic saturation curve was generated using GPP (Fig. 4B) , and the corresponding double-reciprocal plot revealed the K m and V max values of 3.69 ± 1.17 µM and 128 ± 7.84 pkat/mg, respectively. The calculated values of k cat and catalytic efficiency (k cat /K m ) were 2.01 s −1 and 0.56 µM −1 s −1 , respectively. Substrate preference of Li3CARS was examined by assaying the affinity-purified protein with NPP (the cisoid isomer of GPP) in similar conditions of GPP. The assay products analyzed by GC-MS revealed multiple products including limonene (33%), α-terpinolene (29%), α-thujene (20%), α-phellanedrene (8.8%) and 3-carene (8.5%) ( Table 2 ). To investigate the catalytic efficiency of Li3CARS with this particular substrate, we determined the kinetic properties using NPP over the concentration range of 1-150 μM. The enzyme activity showed typical Michaelis-Menten kinetics for all of these detected products (Fig. 4b, S2) . The corresponding double reciprocal plots indicated that Li3CARS had apparent K m values of 14 to 36 μM and V max values ranging from 50 to 203 pkat/mg (Fig. 4d, S2 , Table 3 ). The turnover (k cat ) of Li3CARS varied from 0.636 to 2.59 s −1 depending on the distribution of the products (Table 3 ). However, it had a comparable catalytic efficiency among the products with k cat /K m values ranging from 0.044 to 0.088 µM −1 s −1 . As a control, affinity-purified extracts from empty vector transformed E. coli Rosetta™ (DE3) pLysS, and boiled affinity-purified Li3CARS protein was assayed with GPP and NPP. The results showed that none of the aforementioned products from both substrates were detected from the control reactions. Fig. 3 Gas chromatography of monoterpenes generated by recombinant Li3CARS from NPP and GPP substrates. Assay products of Li3CARS from NPP (a) and GPP (b), as well as authentic standards of 3-carene and limonene (c). Detected monoterpenes from both substrates are α-thujene, β-pinene, α-phellandrene, 3-carene, limonene, 2-carene and α-terpinolene. Camphor (200 ng/ml) was used as internal standard
Homology modeling of Li3CARS
To examine its 3D structure, we constructed a homologybased model of Li3CARS protein based on the crystal structure of SoBPPS (PDB identifier 1N1Z). Li3CARS (in particular the active site cavity) exhibited high structural identity (66%) to SoBPPS (Whittington et al. 2002) . The integrity of the homology model was also verified with Procheck that resulted in a strong Ramachandran plot statistics of 92.2% residues in most favored regions, 7.6% allow and 0.2% disallow residues among a total of 541 residues. As reported in SoBPPS 3D structure, the C-terminal domain , respectively of Li3CARS was predicted to have a potential active site cleft at different helices and loops (Fig. 5a ). The two main helices were helix D and H, containing the aspartate-rich motif of DDxxD and (N,D)D(L,I,V)x(S,T)x 3 E, respectively, at opposite walls of the active site (Figs. 2, 5 ). As the important residues within the SoBPPS active site are well known (Whittington et al. 2002) , the active site cavity of Li3CARS was computed (Fig. 5b) . Several residues residing on the surface of the active site were predicted, some of which could play paramount roles in substrate binding and selectivity. There were also exceptions showing differences at Li3CARS residues N428, I454 and S455 compared to the SoBPPS template (Fig. 5c) . In addition to the main active site helices (D and H), two regulatory loops (H-α1 and J-K) were predicted on the Li3CARS model structure with few Li3CARS-specific residues, such as V574, D575, I584 and I585, at H-α1 (A507) and at J-K loops (Fig. 2) . Moreover, in an attempt to find the possible binding sites of substrates on Li3CARS protein, docking study with GPP and the model Li3CARS protein was conducted. The results revealed that most of the aforementioned active site residues play active roles in the interaction of GPP and Li3CARS protein (Fig. 5d, e) . Among the detected active site amino acid residues, D353, D357, R497, D497, T501 and E505 residing on helix D and H were predicted to play a role in the binding of GPP (particularly the phosphate group), and in Mg 2+ ion coordination.
Genomic DNA organization and phylogenetic analysis
Genomic sequence of the Li3CARS was amplified from genomic DNA extracted from L. x intermedia leaves and characterized to understand its evolutionary relationship with TPSs from Lavandula. The complete genomic sequence of Li3CARS (Accession no.: KX024761) was 2782 bp long and contained a typical intron-exon structure of Lavandula and other angiosperms TPS-a and TPS-b subfamily genes, bearing 7 exons interrupted with 6 introns (Fig. 6a) . Every exon and intron junction of Li3CARS showed an identical pattern of ∼NNN ▾ GT at 3′ and AG ▾ NNN∼ at 5′, in which 'NNN' represents sequences of exons (Fig. S1) . A comparison with previously reported genomic DNA of Lavandula TPSs showed that Li3CARS was highly homologous to these TPSs in terms of exon size (Fig. 6a) . The length of exon4 remained conserved in all of the five TPSs, whereas Li3CARS bore unique lengths at exon3 and exon7. Most of the exons, such as exon1, exon4, exon6 and exon7 contained the common TPS conserved motifs at the expected positions. Intron sizes were the most variable genomic structures among the five Lavandula TPSs (Fig. 6b) . The shortest and longest introns in the five Lavandula TPSs were intron-4 (58 bp) in LiCINS and intron-1 (926 bp) in LaLINS, respectively. Those introns were replaced by a small size intron-2 (70 bp) and a large size intron-3 (430 bp) in Li3CARS.
Based on their amino acid sequences, we constructed a neighbor joining phylogenetic tree for Li3CARS along with some TPSs subfamilies of angiosperms and gymnosperms (Fig. 7) . The tree showed that Li3CARS was clustered into the TPS-b subfamily. The TPS-b subfamily members were further divided into three subclades (I, II & III). The two angiosperm 3-carene synthases-S. stenophylla 3-carene synthase and L. x intermedia Li3C-ARS-were grouped separately under subclade II and III, respectively. More specifically, Li3CARS had a very close evolutionary relationship to that of L. angustifolia limonene synthase under the same subclade III. Most angiosperms sesqui-TPSs and gymnosperm TPSs, including P. abies 3-carene synthase, were categorized into TPS-a and TPS-d subfamilies, respectively. 
Relative expression of the Li3CARS
Because of the low EST copy numbers of the candidates from flower glandular trichomes, we predicted that Li3CARS is either differentially expressed or induced by other factors. To test this hypothesis, we performed a spatial qPCR study in L. x intermedia leaf and flower tissues. The relative expression results showed that Li3C-ARS transcripts were 16 fold more abundant in leaves compared to flowers. The expression pattern of Li3C-ARS was also examined in response to MeJA application. MeJA induced Li3CARS transcript levels in leaves (Fig. 8) significantly (2.5-to 3.8-fold) (P ≤ 0.05) as early as 8 h post-treatment. Not surprisingly, this up-regulation declined after 24 h post-treatment and reached to a low transcript level at 72 h post-treatment, which was a comparable expression pattern to the corresponding control leaf tissues. 
Monoterpene accumulation in L. x intermedia
Monoterpene content was quantified in the flowers and leaves of L. x intermedia plants in order to determine the in planta contribution of Li3CARS to EO metabolism. Despite variations in quantity, most of the products obtained from the Li3CARS in vitro assay were detected in leaf tissue (Fig. S3) where the gene is strongly expressed. Further, MeJA had a strong impact (P ≤ 0.05) on the contents of 3-carene and limonene at 24 and 48 h post-treatment (Fig. 9) . 3-Carene content reached a maximum in MeJA treated tissues with 200 ng mg − 1 higher than its control at 48 h post treatment. Limonene concentration also increased by nearly 95 ng mg − 1 of fresh leaf tissue over its control at 24 h post-treatment. The tissue levels of both 3-carene and limonene remained constant after 48 h post-treatment. The accumulation of α-thujene-Li3CARS in vitro assay product from NPPwere less affected with 5 mM MeJA in all tested exposure time courses (Fig. 9) .
Discussion
Li3CARS sequences has typical mTPS conserved motifs
Availability of public sequence databases facilitates the isolation and functional study of genes using homologybased cloning. In this study, we isolated Li3CARS from L. x intermedia glandular trichome ) that encoded 599 amino acids consisting of major conserved motifs present in typical plant TPSs (Fig. 2) . Most of the conserved motifs have been well characterized in TPSs, among which the first motif located at the very beginning of N-terminus of the protein is RR(x8)W required in mTPSs for cyclization (Williams et al. 1998) , or protein stabilization (Hyatt et al. 2007 ). The second and third motifs presented at C-terminus were DDxxD and (N,D)D(L,I,V)x(S,T)xxxE, in which both are responsible for substrate binding and coordination of divalent metal ion cofactors (Degenhardt et al. 2009 ). Another conserved motif, LQLYEASFLL, in Li3CARS is thought Demissie et al. (2012) to be a part of the active site components in SoBPPS (Wise et al. 1998) . Alterations of the common residues are often observed in these motifs from sesqui-TPSs. For example, cadinol and germacrene D synthases from L. angustifolia contain deletion and/or substitution of one arginine (R) at RR(x 8 )W motif, whereas one aspartate (D) is substituted by glutamate (E) at DDxxD of germacrene D synthases (Jullien et al. 2014) .
Fig. 7 a
The maximum likelihood phylogenetic analysis of some plant monoterpenes and sesquiterpne synthases using neighbour joining method. bLavandula TPSs that are identified and functionally characterized so far, except α-pinene synthase from Lavandula viridis (Lv_a-pinene_S), are further compared separately. Numbers at each node represents bootstrap percentage. The deduced amino acid sequences are used for phylogenetic comparison. The related accession numbers and source species for a particular gene/protein are listed in Table S1 Li3CARS has high affinity to GPP
The genes and encoding enzymes for some of the major Lavandula monoterpenes biosynthesis have been identified and functionally characterized in vitro from economically important species, including L. angustifolia and L. x intermedia (Landmann et al. 2007; Demissie et al. 2011 Demissie et al. , 2012 . The clone Li3CARS was found to be an mTPS that catalyzes the conversion of GPP, the universal precursor of the monoterpenes, to 3-carene, and a few other minor products. Generation of major and minor monoterpenes by Li3C-ARS activity from GPP was not a surprise, as multi-product mTPS from both angiosperms and gymnosperms are well known (Wise et al. 1998; Fäldt et al. 2003; Demissie et al. 2012) . The distribution of 3-carene (76%) produced in vitro by Li3CARS is in close range to 3-carene generated by 3-carene synthases from S. stenophylla (Hoelscher et al. 2003) and from P. abies (Fäldt et al. 2003) , accounting for 73% and 78%, respectively. However, there are speciesspecific minor products with distinct distributions, such as myrcene (6%), 4-carene (4%) and β-phellandrene (1%) from S. stenophylla (Hoelscher et al. 2003) ; myrcene (3%), α-terpinolene (11%), limonene (0.4%) and β-phellandrene (0.7%) from P. abies (Fäldt et al. 2003) ; and β-pinene (5.8%), limonene (9.3%) and 2-carene (8.7%) from L. x intermedia ( Table 2) . Variations among minor products with discrete distribution would be expected, as the Li3C-ARS enzyme is not identical to others, in that it shares only 50% and 28% amino acids homology to 3-carene synthase from S. stenophylla and P. abies, respectively.
Although the kinetic properties of 3-carene synthase have not yet been studied in Lamiaceae, such investigations have been conducted in coniferous plants (Savage and Croteau 1993; Hall et al. 2011) . The optimum assay conditions for Li3CARS activity with GPP were found to be similar to most of lavender mTPSs (Demissie et al. 2011 ) and 3-carene synthases of S. stenophylla and P. abies (Savage and Croteau 1993; Hoelscher et al. 2003) . High catalytic efficiency of Li3CARS was apparent with K m = 3.692 ± 1.17 µM and k cat = 2.07 s − 1 , which appear to be in close range of the K m (1.47-8.09 µM) and k cat (0.06-2.25 s − 1 ) values of coniferous 3-carene synthases (Savage and Croteau 1993; Hall et al. 2011) . However, Li3CARS displayed a lower K m (3.692 ± 1.17 µM) value than that of the most common mTPSs from Lavandula, including β-phellandrene synthase (6.55 ± 1.01 µM), 1,8-cineole synthase (5.75 ± 0.91 µM), linalool synthase (47.7 ± 4.6 µM) and limonene synthase (47.4 ± 3.8 µM) (Landmann et al. 2007; Demissie et al. 2011 Demissie et al. , 2012 . This low K m value indicates that Li3CARS has a strong affinity to GPP compared to the rest of previously identified mTPSs from Lavandula.
Most Lavandula mTPSs accept both GPP and NPP as substrates, producing comparable amounts of the same end products (Demissie et al. 2011 . However, the recombinant Li3CARS converted NPP to a different set of compounds than those it derived from GPP. While GPP was converted mainly to 3-carene, NPP was transformed into limonene (33%), α-terpinolene (29%) and α-thujene (20%) as main products, and minor amounts of a few other monoterpenes including 3-carene (8.5%) ( Table 2 ). The catalytic efficiency (k cat /K m ) of Li3CARS to produce 3-carene was nearly 13-fold lower when NPP, rather than GPP, was used as a substrate (Table 3) . However, Li3CARS displayed a higher catalytic efficiency for producing limonene and α-terpinolene from NPP than GPP. Taken together, these results indicate that substrate availability may play a key role in the production of certain monoterpenes in plants. It must be noted that the gene and encoding enzyme for NPP biosynthesis have not yet been identified in Lavandula. Therefore what is observed in in vitro assays may not occur in planta. This argument is supported by the fact that products derived from NPP by recombinant Li3CARS may also be obtained from GPP by various mTPSs in lavenders. For example, L. angustifolia limonene synthase (LaLIMS) converts GPP to limonene (Landmann et al. 2007 ). EO extracted from L. x intermedia leaves is also abundantly composed of the monoterpenes that are mainly the products of recombinant Li3CARS from GPP (Fig. 3b) . Despite the fact that recombinant Li3C-ARS catalyzed both GPP and NPP, the native Li3CARS enzyme more likely uses GPP as a substrate in lavenders plant cells to produce the major product of 3-carene and other minor monoterpenes.
Li3CARS 3D protein model construction
Knowledge of the 3D structures of a given protein is indispensable for obtaining insight into the molecular basis of protein function. In the absence of experimental data, protein models can be built from known 3D structures of homologous protein templates using modeling software such as SWISS-MODEL (Bordoli et al. 2009; Guex et al. 2009 ). In this study, a homology model was built for Li3C-ARS (Fig. 5) using a 3D structure of SoBPPS (Whittington et al. 2002) as a template. The alignment of Li3CARS and SoBPPS revealed strong homology of the active site, except for a few residues (N428, I454 and S455). An active site with broad ranges of residues seem to be more elastic to accommodate the series of carbocation rearrangements, and produce distinct multi-products, as demonstrated from SoBPPS and Mentha limonene synthase (Whittington et al. 2002; Hyatt et al. 2007 ). As shown in Fig. 5 , both divalent metal ions binding helices (D and H), and the loops (H-α1 and J-K), which play significant roles in GPP binding and catalytic activity of Li3CARS, are in line with features obtained from the SoBPPS template (Whittington et al. 2002) , except a few residues at H-α1 (A507) and at J-K loop, such as V574, D575, I584 and I585. Like most TPSs, the Li3CARS structure reveals the conservation of the two aspartate-rich motifs that coordinate to the metal ions (Rynkiewicz et al. 2001; Whittington et al. 2002; Hyatt et al. 2007 ). The homology-based protein structure with GPP docking confirmation will ultimately provide input for further exploring the molecular mechanisms of 3-carene synthase and/or other TPSs in Lavandula. For example, potential amino acid residues responsible for catalytic activity with GPP and other intermediates may further be identified and studied through mutational analysis.
Evolutionary inference from Lavandula TPS genes
As evidenced by the protein analysis data, Li3CARS is highly homologous to the L. angustifolia limonene synthase (LaLIMS), and is clustered with this gene under angiosperm mTPSs (TPS-b) subfamily (Bohlmann et al. 1998 ). However, Li3CARS had low homology to limonene synthases and 3-carene synthases from other species (Fig. 7) . This indicates that LaLIMS and L. x intermedia Li3CARS originated from the same ancestor or one has evolved from the other through gene duplication, which could fuel divergent functional evolution leading to sub-functionalization and / or neofunctionalization of mTPSs. It is not surprising that Li3CARS is more homologous to other Lavandula TPSs rather than to 3-carene synthases from other species, as this phenomenon (that TPSs genes with different functions are more homologous to each other within a given species rather that TPSs with the same function in a different species) has been observed in several cases before. For example, in Sitka spruce, (+)-3-carene synthase family genes share 89-92% nucleotides identity with (-)-sabinene synthase, but a single amino acid at a specific position determined the plasticity and evolution of both enzymes functions (Roach et al. 2014) .
The genomic structure of Li3CARS contained typical features of the Class III TPSs, bearing seven exons and six introns (Chen et al. 2011) . It also exhibited similar patterns of exon-intron structures to TPSs in most of angiosperms.
Li3CARS is differentially expressed
To gain insight into the potential biological role of 3-carene in lavenders, we examined tissue specific transcriptional expression of Li3CARS by qPCR. The results indicated that Li3CARS is more strongly expressed in leaves than in flowers of L. x intermedia plants. The high transcript levels for this gene in leaves correlated well with the accumulation of 3-carene in leaf tissue, indicating that production of 3-carene is regulated (at least in part) through the transcriptional regulation of Li3CARS. In this context, a high concentration of 3-carene has been reported in peltate glandular trichomes of S. stenophylla (Hoelscher et al. 2003) , and shoots and foliage of P. abies (Fäldt et al. 2003) , where the corresponding 3-carene synthase genes are highly expressed.
The transcriptional expression of Li3CARS was induced by MeJA. Transcript levels for the gene were temporarily elevated upon MeJA application to a maximum at 24 h post-treatment, which positively correlated to the leaf 3-carene concentrations. This outcome is not surprising as MeJA is a known inducer of TPS genes expression in plants. For example, MeJA increased the expression of genes involved in volatile compound formation 12 and 24 h post-treatment (Shi et al. 2015) . Similarly, several mTPSs and sesquiTPSs were induced with MeJA treatment in P. abies, lima bean, tomato and A. sinensis (Martin et al. 2002; Van Schie et al. 2007; Menzel et al. 2014; Xu et al. 2016) .
The up-regulation of Li3CARS transcripts by MeJA treatment points to potential defensive role for this gene in Lavandula, in particular in young leaves (where 3-carene is mainly produced) that are more prone to insect and pathogen attack. This postulate is supported by several lines of evidence. For example, previous findings demonstrated that several monoterpenes, in particular 3-carene, are toxic to insects and pathogens (Fäldt et al. 2003; Fujimoto et al. 2011; War et al. 2011) . In this context, EOs of various plants (including lavenders) have been used in controlling important insects and microbes in vitro (Moon et al. 2006; De Rapper et al. 2013; Erland et al. 2015) . This is also supported by reports that production of certain defensive monoterpenes, including 3-carene, myrcene, α-pinene, and limonene, in various plants, is induced in response to MeJA, mechanical wounding, pathogen infection and herbivore attack (Martin et al. 2002; Robert et al. 2010) . Further, the expression of several mTPS genes, including (+)-3-carene synthase and linalool synthase, is regulated by MeJA, and by pathogens and insects in tomato, rice, lima beans, sitka spruce and pine trees (Van Schie et al. 2007; Moreira et al. 2009; Robert et al. 2010; Menzel et al. 2014; Taniguchi et al. 2014 ). Despite the above arguments, it should be noted that direct evidence for a defensive role for 3-carene in Lavandula is missing at this point. However, in the light of our result this area is worth exploring.
Conclusion
We have isolated and functionally characterized a 3-carene synthase (Li3CARS) cDNA from L. x intermedia. The homology-based 3D structure of Li3CARS was deduced from which the active site residues were identified. The protein exhibits strong homology to Class III TPSs and is grouped under the TPS-b subfamily. Li3CARS is constitutively expressed in both leaf and floral tissues, although expression is much stronger in leaves. Both Li3CARS transcript and 3-carene levels were significantly up-regulated by methyl jasmonate, and point to a potential induced defensive role for 3-carene in lavenders.
